We examined the association between exposure during pregnancy to trihalomethanes, the most common water disinfection by-products, and birth outcomes in a european cohort study (Health impacts of long-term exposure to Disinfection By-Products in Drinking Water). We took into account exposure through different water uses, measures of water toxicity, and genetic susceptibility. Methods: We enrolled 14,005 mothers (2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010) and their children from France, greece, lithuania, Spain, and the UK. information on lifestyle-and water-related activities was recorded. We ascertained residential concentrations of trihalomethanes through regulatory records and ad hoc sampling campaigns and estimated route-specific trihalomethane uptake by trimester and for whole pregnancy. We examined single nucleotide polymorphisms and copy number variants in disinfection by-product metabolizing genes in nested case-control studies. Results: average levels of trihalomethanes ranged from around 10 μg/l to above the regulatory limits in the eU of 100 μg/l between centers. there was no association between birth weight and total trihalomethane exposure during pregnancy (β = 2.2 g in birth weight per 10 μg/l of trihalomethane, 95% confidence interval = 3.3, 7.6). Birth weight was not associated with exposure through different routes or with specific trihalomethane species. exposure to trihalomethanes was not associated with low birth weight (odds ratio [Or] per 10 μg/l = 1.02, 95% confidence interval = 0.95, 1.10), small-for-gestational age (Or = 0.99, 0.94, 1.03) and preterm births (Or = 0.98, 0.9, 1.05). We found no gene-environment interactions for mother or child polymorphisms in relation to preterm birth or small-for-gestational age. Conclusions: in this large european study, we found no association between birth outcomes and trihalomethane exposures during pregnancy in the total population or in potentially genetically susceptible subgroups. (See video abstract at a numbers may not add up because of missing values. b information on bottled water, showers, and baths is available only for a subsample in the Pelagie cohort (France).
D isinfection by-products are formed as a side reaction of water disinfection. chlorinated water contains hundreds of disinfection by-products of which trihalomethanes and haloacetic acids are the most common compounds. concern about the potential health risks of exposure to disinfection by-products has focused on cancer 1 and birth outcomes. 2, 3 in animal studies, high doses of chloroform (cHcl 3 ) and various haloacetic acids and haloacetonitriles have been associated with mental growth retardation. 4 at least 20 studies of different design and quality of information have examined the relation between fetal growth and disinfection by-products in humans. a recent metaanalysis found a 1% increased risk for small-for-gestational age copyright (Sga) but no evidence for associations between third trimester trihalomethane exposure and low birth weight (lBW), term lBW, preterm births. 5 Only two studies have examined whether genetic variation may affect risk of birth outcomes associated with exposure to trihalomethanes. 6, 7 exposure assessment has been a major limitation of most studies that have used predominantly ecologic estimates of trihalomethane exposures in water supply zones. Some studies have combined individual information on water use with water zone estimates but fewer have examined different routes of exposure. 2, 3, 6, [8] [9] [10] [11] exposure to trihalomethanes and other volatile disinfection by-products occurs predominantly through inhalation and absorption, during activities, such as showering, bathing, and swimming. 12, 13 For nonvolatile disinfection by-products, such as haloacetic acids, ingestion is the main route of exposure. 14 epidemiologic studies have used trihalomethanes as a proxy for total disinfection by-product exposure, which may underestimate exposure to disinfection by-products. 15, 16 analyses of the association of trihalomethanes with birth outcomes for country-specific populations included in Health impacts of long-term exposure to Disinfection By-Products in Drinking Water (HiWate) have been published previously. [8] [9] [10] 17, 18 in this article, we report the results of the analysis of pregnancy outcomes in five pooled mother-child cohorts from France, greece, lithuania, Spain, and the UK. We examined exposure to trihalomethanes through drinking, bathing, and showering activities applying the same protocol for exposure assessment and also present associations in potentially genetically susceptible groups in nested case-control studies.
METHODS

Study Population
this european mother-child cohort study was conducted within the european HiWate project 19 and includes five cohorts (table 1) . We enrolled 14,005 mother-child pairs in 2002-2010 in obstetric units located in parts of five european countries: greece (rhea study, Heraklion [crete]); Spain (inMa-infancia y Medio ambiente Project, Sabadell [catalonia], Valencia, asturias, gipuzkoa [Basque country]); United Kingdom (Born in Bradford study (BiB), Bradford); France (Pelagie study, Brittany); and lithuania (Kaunas).
Detailed information regarding exposure and outcome of interest was collected from face-to-face interviews or self-reports during pregnancy together with birth records. Questionnaires were used in the five studies to collect information on sociodemographic, lifestyle, nutrition, occupation, medical, and reproductive history, family history, and environmental exposures. information was available in all studies on the main a priori risk factors for birth outcomes, including maternal age and education, socioeconomic status, parity, smoking, and alcohol consumption.
Birth Outcomes
Birth weight in grams, head circumference in cm, gestational age (weeks), gender, and mode of delivery were extracted from birth records, where available. Birth weight was analyzed as a continuous outcome, and was dichotomized as lBW, defined as weight less than 2,500 g, and term lBW, defined as a birth weight below 2,500 g after at least 37 completed weeks of gestation.
newborns Sga were defined as those who weighed less than the 10th percentile of the cohort-specific reference of fetal growth, stratified by week of gestation and gender. in two studies (BiB and rHea), we used customized (internal) models on fetal growth restriction.
gestational age was based on last menstrual period and/ or ultrasound-based estimated date of conception. analyses related to gestational duration considered both the continuous outcome and dichotomized values of gestational duration (prematurity) defined as gestation length <37 completed gestational weeks. Mode of delivery was grouped into vaginal deliveries and caesarean sections.
Exposure Assessment for Water Contaminants
all studies had information on water intake and sources of drinking water, information on showering, bathing, and swimming pool use during pregnancy. information from questionnaires was harmonized before the analysis. the evaluation of trihalomethane concentrations in drinking water in the study areas was done through the use of routinely collected trihalomethane data for regulatory purposes and was enhanced with information from disinfection by-product samples collected and measured within the HiWate project. 20 a description of trihalomethane levels available in each center is provided in eappendix1 (http://links.lww.com/eDe/B93).
trihalomethane data were modeled based on available water quality parameters, treatment, and water source for the study regions. a separate model was built in each country (region in the case of Spain) for total trihalomethanes, chloroform, and total brominated trihalomethanes following similar methods as discussed in study-specific published papers. [8] [9] [10] 17, 18 linear regression and generalized additive models were fitted using geographical and temporal variables (month, year). among models retaining significant variables (P < 0.05), criteria to select the final model included the adjusted R 2 and the akaike information criteria. general additive models were used to fit a smooth function of level by month that was used to predict levels for months without observations. Final models predicted a monthly level of trihalomethanes from conception until delivery in all study subjects.
Uptake of trihalomethanes (total dose log transformed to normalize) was estimated using a combination of modeled trihalomethanes, information on personal activities via ingestion, showering, and bathing, and uptake factors based on the literature [21] [22] [23] and in an earlier analysis in Spain. 9 Uptake factors used in the analysis for water ingestion were 0.0049 μg/μg/l for total trihalomethanes, 0.00490196 μg/μg/l for chloroform and 0.00111848 μg/μg/l for brominated trihalomethanes; for showers, the corresponding values were 0.001321, 0.00153626, and 0.00135206 μg/min/μg/l; for baths, the corresponding values were 0.001538, 0.00132075, and 0.00129571 μg/min/μg/l. Because a bromoform uptake factor was only available for showering, the average of bromodichloromethane and dibromochloromethane uptake factors were used for the three brominated trihalomethanes. Swimming pool uptake factors and calculation of uptake from swimming were available only in the Spanish inMa cohort 9 and are not reported. a 90% reduction in ingestion was applied if a home filter was used; no information was available for factors that could affect efficiency of trihalomethane removal such as frequency at which filters were changed. average trihalomethane uptake over the whole pregnancy was calculated, as well as in the first, second, and third trimesters separately to allow for evaluation of critical windows of exposure. Bathing and showering uptakes were added, and total household uptake was calculated by adding ingestion, showering, and bathing.
Genetic Nested Case-Control Study
We designed nested case-control studies on preterm births and a combination of Sga to evaluate the potential influence of genetic polymorphisms in connection to exposure to trihalomethanes. controls were selected from the cohorts and were matched to cases on ethnic group or country of origin and sex, and were not preterm, not Sga, and not large for gestational age. the same set of controls was used for the analysis of both phenotypes. a total of 2,159 Dna samples were included initially in the study and of those 1,908 were finally included in the analysis. there were 964 maternal samples (348 Sga, 251 preterm, and 395 controls) and 944 child Dnas (349 Sga, 218 preterm, and 400 controls); these numbers do not add because a small proportion of children were included in both the Sga and the preterm analysis. Maternal blood was not available in the Pelagie (France) cohort. genotyping was not available for BiB at the time of this analysis. Dna extraction methods can be found elsewhere. 24 Dna was quantified using the Picogreen dsDna kit (invitrogen, thermo Fisher Scientific inc.) and normalized to 40-60 ng/µl. candidate genes that are known to participate in disinfection by-product detoxification were examined, including CYP1A locus (CYP1A1 and CYP1A2), CYP2A6, CYP2D6, CYP3A locus (CYP3A4, CYP3A5, CYP3A7, and CYP3A43) , CYP2E1, GSTZ1, and GSTT locus (GSTT1, GSTT2, and GSTT2B). genetic variants in detoxifying genes GSTM and GSTA loci were also explored. a detailed description of the selection of single nucleotide polymorphisms (SnPs) and copy number variants (cnVs), genotyping procedures and quality control are presented in the eSupplement on methods and in etable 1 (http://links.lww.com/eDe.B94).
Statistical Analysis
We evaluated the association between birth weight and average residential trihalomethane levels by linear regression, adjusting for gestational age and other potential confounders. trihalomethane exposures were examined in three groups: total trihalomethanes, chloroform, and brominated trihalomethanes. adjustment for potential confounders was predefined based on prior knowledge on potential confounders with two levels of adjustment applied. a basic model included variables expected to be available in all subjects of all participating studies and that had been used in most previous studies: center (and in Spain, also area, gipuzkoa [Basque country], Sabadell, asturias, and Valencia), infant sex, gestational age linear and quadratic term, mother's ethnicity, and parity. We included infant sex in the models to be compatible with previous studies although infant sex should not be considered a typical confounder; results changed minimally (second decimal) when not adjusting for sex (not shown). Further adjusted models included, in addition, maternal age, maternal height, maternal prepregnancy weight, maternal education, and maternal smoking during pregnancy; results for these models were similar to those of the basic adjustment models and are not shown. logarithmic transformation of uptake of trihalomethanes was used in corresponding models. We used logistic regression to analyze dichotomous outcomes adjusting for potential confounders and general additive models to evaluate the shape of the dose-response curve. a meta-analysis was performed to take into account the heterogeneity between the cohorts. a random effects model was used and a heterogeneity test based on the Q statistic was performed considering a P value below 0.10 as statistically significant.
We assessed gene-environment (g * e) interactions in the nested case-control study for total trihalomethanes only using unconditional logistic regression, adjusting for infant sex, ethnicity, parity, smoking during pregnancy, and cohort. Dominant genetic models were tested. to take into account the heterogeneous distribution of both disinfection byproducts (DBPs) and allele frequencies of selected SnPs in the cohorts, we included cohort SnP and cohort-total trihalomethane interaction terms in the models. Only those associations with consistent results between these statistical models were reported as significant results. to control for multiple testing, we applied Bonferroni correction for the 43 independent associations examined (P value 0.0011).
Ethics
the protocols of all studies were approved by local ethics committees. all subjects signed a consent form that includes the use of genetic data. Standard procedures for the protection of confidential individual information have been applied. information that might identify a specific individual was never released or transferred between participating centers.
RESULTS
total trihalomethane levels in the water differed considerably between the regions of the european countries studied depending on water source and type of treatment (Figure) . Differences were also observed within countries. the highest levels (average total trihalomethanes above the regulatory limit in the eU of 100 μg/l) were observed in parts of Spain (Sabadell), levels around 50 μg/l were observed in France and the UK, while the lowest levels (around 10 μg/l) were observed in some parts of Spain and in lithuania and greece. the distribution of the individual trihalomethanes also differed between the parts of the countries studied with proportionally high levels of brominated compounds found in two of the regions in Spain studied (Sabadell, Valencia) and France compared with the UK or the Basque country where the main exposure was to chloroform. Between the two low-level regions in the two other countries, Heraklion (greece) had almost exclusive exposure to brominated compounds, whereas Kaunas (lithuania) was dominated by chlorinated trihalomethanes.
the overall mean birth weight was 3,333 g/kg (SD: 521) and differed between cohorts (greece: 3 ). a high proportion of preterm births was observed in the rhea cohort in crete (11.6%). there were wide differences in the level of education and in smoking between cohorts in the regions studied (table 1) .
Water use and other water activities differed by region studied (table 2) . tap water consumption was highest in Bradford (UK; 83%) and lowest in Heraklion (greece; 18%). Baths were less frequent in the two regions studied in southern europe. Swimming pool use varied, with very low use in Heraklion (greece; 2%) and higher use in Brittany (France) and Spain.
Main Associations with Trihalomethane Exposure
there was no association between birth weight and total trihalomethane exposure during pregnancy (table 3) . the change in birth weight in grams per 10 μg/l increase in total trihalomethanes was 2.2 g (95% confidence interval [ci] = −3.3, 7.6) for the total cohort. the corresponding β coefficients and 95% ci for the individual cohorts were 2.7 (−9.9, 15.3) for Pelagie in Brittany 2) for BiB in the UK. Differences in estimates between countries were examined through a random effects meta-analysis and were not statistically heterogeneous (χ 2 : 5.45, df = 4, P = 0.244). We observed no association for exposure to chloroform or brominated trihalomethanes nor any indication of a dose-response relationship evaluated through the use of quartiles of trihalomethane exposure (table 3) or the use of splines (not shown). there was no indication of differences in risk by trimester of exposure for total trihalomethanes (table 3) or for specific trihalomethanes (not shown).
there was no association of birth weight change with uptake of trihalomethanes. the change in birth weight in grams (and 95% ci) for a 10% increase in total trihalomethanes, chloroform, and total brominated concentrations through ingestion, shower/bath, or total uptake during the whole pregnancy adjusted for potential confounders are shown in table 3. there were marked differences in uptake of trihalomethanes through ingestion, showers, and baths between cohorts, reflecting mostly the differences in trihalomethane concentrations in water in each region (country) studied. the total uptake is defined mostly (around 90%) by uptake from showers and baths.
We found no association with exposure to trihalomethanes per 10 μg/l increase for term lBW (odds ratio [Or] = 1.04, 95% ci = 0.96, 1.14), Sga (Or = 0.99, 95% ci = 0.94, 1.03), and preterm births (Or = 0.98, 95% ci = 0.9, 1.05; table 4). Similarly, risks were close to null when examining separately exposure to chloroform or brominated compounds. no pattern was seen for a dose response when examining quartiles of exposure or using generalized additive models and these birth outcomes for total trihalomethanes or for chloroform or brominated compounds (not shown). Uptake through any route or total uptake was also not associated with any of these outcomes (not shown).
Nested Case-Control Studies on Gene-Environment Interactions
We examined gene-environment interactions for maternal and child genotypes in relation to preterm births and Sga for total trihalomethanes (table 5). two genetic variants of the mother (rs743535 in CYP2E1 and GSTT1 cnV) modified the effect of trihalomethane levels on Sga with a P value for the interaction of less than 0.05. in particular, among those mothers bearing GSTT1 null genotype, an increased risk was observed for Sga for a 10 μg/l increase in total trihalomethanes (Or = 1.4, 95% ci = 0.9, 2.1). none of these interactions persisted after Bonferroni correction for multiple comparisons. Detailed results both on the main genetic effects and on gene-environment interactions on birth outcomes are shown for preterm births in etable 2 and for Sga in etable 3 (http:// links.lww.com/eDe.B94). 
FIGURE.
Distribution of total trihalomethanes (THMs), CHCl 3 , and total brominated THM concentrations at the residence during the whole pregnancy in the study population in the regions of the five countries studied, HiWate study.
DISCUSSION
in this large european study, exposure to trihalomethanes during pregnancy was not associated with birth weight, Sga, lBW, or preterm birth despite the high concentrations of trihalomethanes and/or bromine-containing species in some areas. results were consistent between european regions studied. We found little evidence of the potential modification of the effect of exposure to DBPs by genetic susceptibility.
the epidemiologic evidence evaluating associations between trihalomethane exposure during pregnancy and fetal growth is extensive. Different methodologies, particularly in exposure assessment, and different exposures and characteristics of the study populations hamper comparisons between studies. experimental evidence suggests that trihalomethanes have a harmful effect on fetal growth, but this has not been confirmed in epidemiologic studies. Our results support other recent studies that have applied robust exposure assessments of disinfection by-products. 2, 3 Our results were consistent across centers, particularly for residential trihalomethane uptake, providing robust combined risk estimates. there is no evidence for an association between preterm delivery and trihalomethane exposure during pregnancy, with most of the studies finding either a null association 25, 26 or a protective effect. 2, 27 the lack of any association in our study is thus consistent with the conclusions of a recent meta-analysis. 5 there is limited evidence on the potential effect modification by genetic variants of key genes for disinfection by-product detoxification in relation to adverse reproductive outcomes. in this european study, we have evaluated an extensive list of genes known to participate in disinfection by-product detoxification, exploring common polymorphisms by using tag SnPs and cnVs. the two interactions reported here, which did not remain significant after multiple testing comparisons, account for maternal genetic variants in CYP2E1 and in GSTT1 genes, two of the most relevant genes for DBP detoxification. the lack of association between these same variants and Sga in the offspring might reflect time and tissue specificity expression of the detoxification genes. in contrast to what has been seen for bladder cancer, 28 we found that total trihalomethanes were associated with increased Sga risk among children whose mothers had no copies of a GSTT1 cnV. Our results are in line with those reported by Kogevinas et al., 29 where exposure to total trihalomethanes had a mutagenic effect in lymphocytes (increased the number of micronuclei) among GSTT1 null subjects, but not in subjects having at least one copy of the GSTT1 gene. GSTT1 gene lies in a complex genomic region rich in cnVs and encompassing three highly similar genes: GSTT1, GSTT2, and GSTT2B. 30 a strength of our study is the prospective cohort design, with individual follow-up of pregnancies to determine reproductive outcomes. Most mothers in the european study self reported the last menstrual period during the first trimester of pregnancy when recall is more accurate, and we were able to correct with ultrasound dating. all of the cohorts had detailed individuallevel information available on potential confounders/risk factors, which we were able to adjust for in the analyses. this is one of the few studies with detailed water and water-based fluids consumption and report of personal water-related activities during pregnancy. Similar to all the key recent studies, we were able to comprehensively evaluate uptake of trihalomethanes by routes of exposure: ingestion, inhalation, and dermal exposure. the between-country comparisons are informative because cultural differences are related to differential use of water-related activities. assessment of exposure from showers and baths is particularly important because in several countries exposure to trihalomethanes through ingestion was very low due to the high consumption of bottled water by pregnant women (e.g., Spain and the regions in greece and lithuania studied).
We have based our exposure assessment on trihalomethanes, which are the most prevalent group of disinfection by-products, using thousands of measurements of these compounds in the study areas. even though most measurements of trihalomethanes took place simultaneously with the development of the cohorts, there is, undoubtedly, (nondifferential) misclassification regarding the evaluation of individual trihalomethane exposures. What is probably more important is misclassification regarding the evaluation of water toxicity when using trihalomethanes as the basis for the evaluation of the toxicity. information on other major contaminants, particularly the haloacetic acids, was not available for all centers. Similar trihalomethane concentrations in different regions/countries could potentially mask different mixtures of disinfection by-products with different toxicities. We analyzed chloroform separately from the brominated trihalomethanes that were more prevalent in some areas (e.g., two regions in Spain and the regions studied in France and greece) as compared with lithuania and the UK sites and one of the Spanish regions. this is important, as bromine-containing disinfection by-products are of higher health concern. Moreover, the presence of high levels of bromine-containing trihalomethanes will mean there are high levels of other bromine-containing disinfection by-products, 31 some of which are much more toxic than the regulated trihalomethanes. 32, 33 new methods for evaluating water toxicity, requiring prospective collection of water samples will be needed in future epidemiologic studies to cover this complex pattern of water toxicity.
Overall, in this study of around 14,000 mother-child pairs in eight regions in five european countries with a variation in average levels of total and specific trihalomethanes, we did not find substantial associations between exposure to trihalomethanes during pregnancy and reproductive outcomes. although a large part of the population included subjects with low-level exposures, a considerable proportion was exposed to concentrations around 50 μg/l that have been associated with a 50% increase in bladder cancer risk, 1, 34 while exposures measured by one center were above the US and eU regulatory limits (80 and 100 μg/l, respectively). the evaluation of genetically susceptible individuals indicated the possibility of gene-environment interactions for genes known to be associated with the metabolism of specific DBPs, such as GSTT1 or GSTZ1, but none of these interactions remained after correcting for multiple comparisons. in conclusion, results from the HiWate study, together with those of a recent meta-analysis, indicate the lack of any important association of trihalomethanes with a number of adverse birth outcomes. 
